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The best approach to control damage from lesion nematodes that are present at high population densities in soil at the time of planting is to select and grow cultivars that are both resistant and tolerant (30, 35, 37) . Variable climate, host tolerance, and nematode virulence make it difficult to assign economic damage thresholds for these species (7) . However, it was clear that initial Pratylenchus populations as low as 2,000 nematodes/kg of soil were able to limit grain yield in the PNW (31, 32) . Moreover, individual wheat cultivars differ in their reaction to each nematode species; cultivars with resistance or tolerance to one species are not necessarily resistant or tolerant to another species (26) . Thus, selection of optimal cultivars requires that the species of lesion nematodes present in each field or region be accurately identified and quantified.
It is a challenge to distinguish P. thornei from P. neglectus and also from other closely related Pratylenchus spp. on the basis of morphological characteristics (9, 12) . It is particularly laborious and difficult to use microscopy to count and identify these species in large numbers of field soil samples in which many other plantparasitic and non-plant-parasitic nematode species are also present. Therefore, a quick, sensitive, and reliable molecular diagnostic method is needed to detect and quantify these lesion nematode species.
Polymerase chain reaction (PCR) restriction fragment length polymorphism has been used to distinguish Pratylenchus spp., including P. thornei and P. neglectus (34, 38) . PCR amplification using species-specific primers followed by gel electrophoresis has been utilized effectively for distinguishing species of Pratylenchus (1, 5, 41) . Al-Banna et al. (1) discriminated P. thornei and P. neglectus as well as four other Pratylenchus spp. using PCR and species-specific primers designed from the D3 expansion domain of the 28S rRNA. Carrasco-Ballesteros et al. (5) identified P. thornei from different life stages of this nematode using PCR and sequence-characterized amplified region (SCAR) primers designed from a unique randomly amplified polymorphic DNA fragment. Yan et al. (41) developed species-specific PCR to detect and distinguish P. thornei and P. neglectus from DNA extracts of soil. This method is capable of clearly separating these two nematode species but it, as well as the abovementioned methods, are not quantitative. Quantitative real-time PCR provides opportunities for simultaneous identification of microorganisms based on target DNA specificity, and quantification of target DNA based on the number of cycles of amplification needed to first detect the DNA (2, 4, 17) . Real-time PCR has been used for detection and quantification of P. vulnus, P. zeae, and P. penetrans (3, 21, 24) . However, there are no published reports describing real-time PCR for P. thornei or P. neglectus. A commercial lab in Australia provides that service (13, 19, 22) but the protocols are proprietary (19) . Open-source real-time PCR is needed to improve the detection and quantification of these Pratylenchus spp. for research and commercial diagnostic laboratories. At least one PNW commercial lab currently uses real-time PCR to detect and quantify several other crop pests but is lacking a protocol for the principal nematode pests of wheat.
The objectives of this study were to develop a real-time PCR assay to facilitate the detection, identification, and quantification of P. thornei from soil, and to determine whether the assay was applicable to a wide range of soils inhabited by this nematode and over a range of population densities.
MATERIALS AND METHODS
DNA extraction from pure cultures and soils. Nematodes were manually isolated from soil samples using the Whitehead tray method (39) . A single adult female was morphologically identified (9,12) as P. thornei and then placed onto sterilized carrot disks to establish pure cultures. Carrot cultures were incubated at 22°C for at least 3 months. Nematodes were extracted from carrot by cutting the disks into thin slices and floating the carrot pieces in distilled water in a petri dish. Pure nematodes were recovered using a sieve (20 µm To analyze nematode DNA in artificially infested soil, natural field soil, and greenhouse soil, total DNA was extracted from soil using the PowerSoil DNA Isolation Kit (MoBio, Carlsbad, CA) and the MO BIO Vortex Adapter tube holder at a maximum speed of 8 for 10 min according to the manufacturer's recommendations, except that 0.5 g of soil instead of 0.25 g was used in this study. DNA was quantified using the NanoDrop ND-1000 Spectrophotometer (Wilmington, DE).
Primer selection. The P. thornei-specific forward primer THO-ITS-F2 (5′-GTGTGTCGCTGAGCAGTTGTTGCC-3′) and the reverse primer THO-ITS-R2 (5′-GTTGCTGGCGTCCCCAGTC AATG-3′) were designed from the internal transcribed spacer (ITS) region (ITS1) of the nuclear ribosomal RNA genes. Pratylenchus ribosomal DNA sequences were obtained from GenBank (FJ712956, FJ712952, FJ717818, FJ717819, FJ713005, FJ713004,  FJ713003, FJ713002, FJ717820, FJ717821, FJ712987, FJ712991,  FJ712978, and FJ712959 ). This primer pair produced a deduced amplicon that was 131 bp in length. These primers, along with 10 other potential primers, were analyzed for annealing temperature, GC content, and self hybridization using the computer software GeneRunner (version 3.05; Hastings Software, Inc., Hudson, NY) and primer dimer duplex formation using OLIGO 4.0 (23) . Primers were synthesized using cartridge purification to remove short synthesis products (Invitrogen, Carlsbad, CA). Performance of each primer pair was evaluated on the basis of amplification of only the target DNA, great endpoint fluorescence, and high amplification efficiency. Amplification efficiency (E) was calculated from the slope of a plot of log nematode DNA (x-axis) versus cycle threshold (Ct) (y-axis), where E = 10
(1/-m) -1 and m is slope of the plot (10) .
Primer specificity. DNA of four P. thornei and six P. neglectus isolates from Oregon, Washington, Montana, and Idaho, maintained in carrot cultures, was used to examine the specificity of PCR primers (Table 1) . DNA samples from the isolates of five other Pratylenchus spp., three Meloidogyne spp., five plant-parasitic nematode species in other genera, and six fungal species commonly associated with wheat root diseases were also used as non-target controls (Table 1) . Three replicated PCR reactions were performed for each isolate.
To expand the specificity evaluation to DNA from additional nematode isolates and species that could not be obtained upon request, an in silico analysis was conducted using GenBank ITS sequences from 21 Pratylenchus spp. (Table 2 ) and the computer software PrimerSelect 5.00 (DNASTAR, Inc., Madison, WI). Specificity of THO-ITS-F2 and THO-ITS-R2 to the sequences of non-target Pratylenchus spp. was evaluated from primer-template duplex stability values (ΔG) as described by Schroeder et al. (25) and Okubara et al. (18) .
Real-time PCR assay. Amplification reactions were performed using the capillary-based LightCycler thermocycler (Roche Applied Science, Indianapolis, IN) and FastStart DNA Master SYBR green I dye (Roche Applied Science). Real-time PCR was conducted following the protocols described by Schroeder et al. (25) and Okubara et al. (18) , with some modifications. PCR reactions of 10 µl contained 1 µl of template DNA, 1 µl of Master SYBR green I mix, 3 mM MgCl 2 , 5 pmol of each primer, and 5.8 µl of nanopure water. The amplification program consisted of initial denaturation of 10 min at 95°C followed by up to 50 cycles of 95°C for 5 s, 70°C for 10 s, and 72°C for 10 s, with fluorescence monitored after each annealing step. Melting curve profiles were used to detect potential primer dimers and nonspecific amplification products. Amplicon melting profiles were obtained by increasing the temperature of the reaction from 70 to 95°C in increments of 0.1°C per 0.4 to 0.5 fluorescence units. DNA from pure cultures of P. thornei was used as the positive control and sterilized nanopure water was used as the negative control. All samples in this study were amplified in duplicate or triplicate. The resulting data were analyzed with a program (LightCycler software, version 3.5) using the arithmetic baseline adjustment and second derivative maximum analysis to generate amplification curves, standard curves, and melting curves.
Standard curves from pure culture and soil. Standard curves were generated using nematode DNA from the Pt1 isolate (Table  1 ) raised in carrot cultures. One thousand nematodes of mixed stages, including eggs, juveniles, and adult females, were put onto 30 µl of sterilized nanopure water in an Eppendorf tube and homogenized with a round pipette tip for 10 min. Lysis buffer (24 µl) (described in DNA extraction from pure cultures and soils) and 6 µl of proteinase K at 600 µg/ml were added to the tube. DNA from these nematodes was extracted and quantified following the method described by Yan et al. (41) . Nematode DNA was serially diluted with sterilized nanopure water to give 82 ng/µl to 82 pg/µl ( Table 3 ). The series of DNA dilutions were used in realtime PCR reactions. Standard curves were generated by plotting logarithmic values of DNA concentration versus Ct values.
To relate Ct value to number of P. thornei per gram of soil, a separate standard curve was generated from artificially infested soil. Juveniles, adult females, and eggs of P. thornei (0.5, 1, 5, 20, 100, 500, and 1,000) were added separately to 0.5 g of sterilized soil. The soil (Walla Walla silt loam) was collected from Pendleton, OR and harbored no detectable P. thornei or P. neglectus. The soil was sieved through a 3-mm sieve and autoclaved (121°C, 115 kPa) two times for 45 min each time to kill living organisms. Total DNA was extracted from infested soils using the PowerSoil DNA Isolation Kit (MoBio). The standard curve was generated by plotting logarithmic values of the number of nematodes per gram of soil versus the corresponding Ct values.
To validate the soil standard curve, pure P. thornei (1, 5, 20 , 100, and 500 nematodes) was added separately to 0.5 g of sterilized soil in four replicates. Mixtures of P. thornei (Pt) and P. neglectus (Pn) were also inoculated into a different set of 0.5-g batches of soil at the following ratios in duplicate: 0.5Pt+9.5Pn, 1Pt+9Pn, 2Pt+8Pn, 3Pt+7Pn, 4Pt+6Pn, 5Pt+5Pn, 6Pt+4Pn, 7Pt+3Pn, 8Pt+2Pn, 9Pt+1Pn, and 9.5Pt+0.5Pn, for a total of 10 nematodes in each mixture. DNA (42 samples) was used in the standard curve validation assay.
To examine the potential presence of PCR inhibitors in the soil that was used for generation of the standard curve, nematode DNA from a pure culture of Pt1 was serially diluted with extracts of the sterilized and noninfested Walla Walla silt loam soil as well as with water (Table 3) . Amplification efficiencies (E) were calculated using the abovementioned formula. Inhibitor activity could be detected by comparing E from DNA in soil extracts to E from DNA in water.
Field soil samples. Fifteen soil samples were collected from dryland wheat fields in Oregon and Washington during 2008 (Table 4) . Each soil was mixed well, divided, and submitted to four commercial and research labs in the PNW for nematode identification and quantification using microscopic procedures. Lab 1 utilized the Whitehead tray method for nematode extraction (39) and labs 2 to 4 used the wet-sieving and sugar-density flotation methods (14) . Nematodes were isolated from 100 to 500 g of soil and expressed as the number per kilogram of soil. Species identification of P. thornei and P. neglectus was available upon special request with additional diagnostic fee. The two species were distinguished based on the morphological difference in tail shape and vulva position (9, 12, 41) . Adult females were morphologically identified as P. thornei with a slightly truncated tail on end and vulva position at 73 to 80% or P. neglectus with a pointed but still round tail and vulva position at 76 to 87%. Species identity in each soil sample was also confirmed by a conventional PCR method as described by Yan et al. (41) . Nematode DNA was extracted from 0.5 g of soil and analyzed using real-time PCR and the soil standard curve. Three independent DNA extractions were conducted for each soil sample and each extract was assayed in duplicate real-time PCR reactions.
Greenhouse samples. Twenty samples from a wheat germplasm resistance trial were used to test the real-time PCR assay. In this trial, F 3 lines and parental lines of the cross 'Persia 20' × 'Alpowa' were evaluated for resistance under controlled greenhouse conditions in 2010. Plants were grown in plastic tubes, each containing 150 g of partially sterilized Walla Walla silt-loam soil. Each pot with a single plant at the one-leaf stage was inoculated with 300 P. thornei derived from pure cultures maintained on wheat roots. The species identity was confirmed morphologically and molecularly using the methods described by Yan et al. (41) . After 16 weeks of incubation, plant tops were removed, roots were cut to fine pieces and mixed thoroughly with soil, and nematodes were extracted from the soil and plant roots using the Whitehead tray method (26, 30) . Nematodes in 1 ml of extracted suspension were quantified on a nematode-counting slide under a microscope, and converted to the number per kilogram of soil plus roots. Nematode DNA was extracted from 0.5 g of soil of each subsample and quantified using real-time PCR and the soil standard curve. Multiplication rate, which is an index of resistance, was calculated by dividing the final population of nematodes by the initial population in each pot (30) . The F 3 lines were classified as resistant (R), intermediate (I), and susceptible (S) based on the multiplication rate. Statistical analysis. Relationship between nematode numbers based on the real-time PCR assay and traditional microscopic method was determined using PROC REG in SAS (version 9.1, Statistical Analysis System; SAS Institute, Cary, NC). Where a significant correlation occurred (R 2 > 0.5, P < 0.05), comparison between the two estimates from the real-time PCR assay and microscopic method was conducted by paired t test (PROC TTEST) and analysis of variance (PROC ANOVA) in SAS 9.1. An acceptance of the null hypothesis (P > 0.05) indicates that there is no significant difference between nematode counts obtained from the two procedures.
RESULTS
Primer specificity. The primer pair THO-ITS-F2/THO-ITS-R2 amplified P. thornei and produced only a single peak at 88.4°C (Fig. 1) in melting curve analysis. Nonspecific products were not produced using this primer pair. The P. thornei primer pair did not amplify DNA from P. neglectus isolates Pn1, Pn2, Pn3, Pn4, Pn5, and Pn6 (Table 1) . Furthermore, this primer pair did not amplify DNA from seven isolates of five other non-target Pratylenchus spp. Likewise, they did not amplify DNA from eight other plant-parasitic nematode species and six fungal species found in PNW soils (Table 1) . Ct values observed from these templates were high (Ct > 40) and not different than those from water controls.
In silico analysis (Table 2) for the P. thornei primer pair indicated strong specific annealing with the ITS sequences of seven other P. thornei isolates from Spain and California based on duplex stability (ΔG) values. Specific annealing was reflected in ΔG values that were ≤ -39 kcal/mol. Only the forward primer formed a hybrid with the ITS sequences of P. goodeyi and P. vulnus, at ΔG values of -27.9 and -20.3, respectively. These rela- (18) . The reverse primer hybridized to the ITS sequence of P. mediterraneus at ΔG = -47.4. Although this duplex is predicted to be stable, amplification from a single primer fails to generate enough products to be detected in the real-time PCR system (18) . Therefore, the P. thornei primer pair was not predicted to form productive duplexes with any of the ITS sequences from the 20 non-target Pratylenchus spp. (a total of 24 isolates).
DNA extraction from soil. Nematode DNA was extracted directly from soil using the PowerSoil DNA Isolation Kit (MoBio). To examine the presence of inhibitors that might interfere with fluorescence generated in the real-time PCR reaction, amplification of P. thornei DNA serially diluted with water was compared with that of DNA diluted with extracts of sterilized and non- infested Walla Walla silt-loam soil. The standard curves generated from DNA diluted with water and soil extract were y = -3.43x + 35.95 (R 2 = 1.00) and y = -3.45x + 36.00 (R 2 = 0.98), respectively. The E for DNA in soil extracts, 0.95, was very similar to that for DNA in water, 0.96 (Table 3 ), indicating that the PowerSoil DNA Isolation Kit was able to remove inhibitors from extracts of sterilized and noninfested Walla Walla silt-loam soil. Furthermore, amplification was in the quantitative range (Ct < 34) (18) over seven orders of magnitude of P. thornei DNA (Table 3) .
Generation of a standard curve from soil. The standard curve generated from the artificially infested soils was described by the equation y = -3.387x + 29.54 (R 2 = 0.98) (Fig. 2A) . The E was 0.97 and the Ct values were 18 to 31. Amplification curves monitoring the growth of fluorescence versus cycle number for each reaction in the same experiment was shown in Figure 2B . No amplification was observed with control soils that were not inoculated with P. thornei. Specific amplification was obtained for the minimum level of inoculation, 0.5 juveniles (mean Ct = 30.44) or 0.5 adult females (mean Ct = 30.06) into 0.5 g of soil, indicating that the real-time PCR assay could detect a single juvenile or a single adult female in 1 g of soil.
Verification of the standard curve from soil. The validity of the above standard curve was examined using sterilized soil inoculated with known numbers of nematodes. There was a significant correlation (Fig. 3A) (y = 0.798x + 3.8, R 2 = 0.84, P < 0.001, n = 20) between the numbers of pure P. thornei added to soil (1, 5, 20, 100, or 500) and the numbers determined by real-time PCR and the soil standard curve. A high correlation (Fig. 3B) (y = 1.24x -1.12, R 2 = 0.89, P < 0.001, n = 22) was also obtained between the numbers of P. thornei determined by real-time PCR and the numbers of added P. thornei when mixtures of P. thornei and P. neglectus were used to infest the soil.
Quantification of P. thornei from natural field soils. Correlation analysis was conducted to determine the relationship be- a Real-time PCR estimate followed by asterisks (**) for the sample FS8 is significantly different (P < 0.01) than the microscopic count from lab 1. b Numbers (mean ± standard error of the mean) estimated from real-time PCR based on the mean of three independent DNA extractions per sample. Each DNA extract was analyzed in duplicate. c Numbers reported using the Whitehead tray and microscope-based identification and counting. d Numbers reported using the wet-sieving and sugar-density flotation methods. tween nematode numbers detected by the real-time PCR assay and the numbers reported from four labs using microscopic methods for the 15 soil samples collected from Oregon and Washington infested wheat fields (Table 5 ). There was a strong (R 2 = 0.762) and significant (P < 0.001) positive correlation between the numbers based on the real-time PCR and reported by lab 1 that used the Whitehead tray extraction and microscopic counting method. The equation (y = 2.65x + 33) also showed that counts determined by the real-time PCR generally can be expected to overestimate the numbers of nematodes derived from the Whitehead tray and microscopic method but this overestimation was not significantly different (P = 0.136, paired t test). Out of the 15 soil samples, only 1 sample (FS8) showed significant difference (P < 0.01) between the estimates from the real-time PCR and the Whitehead tray methods ( Table 4 ), indicating that the numbers detected by the real-time PCR can reflect the nematode levels in 93% of the soil samples. The numbers of P. thornei determined by the real-time PCR assay and labs 1 to 4, as well as P. neglectus, other plant-parasitic nematodes, and non-plant-parasitic nematodes determined by lab 1 for these 15 field soil samples, are shown in Table 4 . There were poor correlations (R 2 < 0.5) between the numbers based on the real-time PCR and the numbers reported by labs 2 to 4 that used wet-sieving and sugar-flotation extraction methods (Table 5) .
Quantification of P. thornei from greenhouse soils. Resistance reactions (R, S, and I) for 20 wheat lines were determined based on the real-time PCR assay and the Whitehead tray-microscopic method (Table 6 ). Both methods resulted in identical reactions for 17 of the 20 lines. Three lines differed in reaction type (GS7, R versus I; GS16, I versus R; and GS17, S versus I), indicating that real-time PCR predicted the phenotypes in 85% of the tested lines, and that there were no instances for which the two procedures provided contradictory assignments of susceptible versus resistant phenotypes.
Correlation analysis was conducted to determine the relationship between nematode numbers determined by the real-time Fig. 3 . Correlation between the number of Pratylenchus thornei (Pt) determined by real-time polymerase chain reaction and the number of P. thornei added to soil. A, Pure P. thornei (1, 5, 20 , 100, and 500) were added separately to 0.5 g of sterilized soil. B, Mixtures of P. thornei and P. neglectus (Pn) (0.5Pt+9.5Pn, 1Pt+9Pn,  2Pt+8Pn, 3Pt+7Pn, 4Pt+6Pn, 5Pt+5Pn, 6Pt+4Pn, 7Pt+3Pn, 8Pt+2Pn, 9Pt+1Pn, and 9 .5Pt+0.5Pn) were added to 0.5 g of sterilized soil; *** indicates significant at P < 0.001. 5, 1, 5, 20 , 100, 500, and 1,000) inoculated into 0.5 g of sterilized soil. Amplification efficiency (E) = 10 1/-slope -1; *** indicates significant at P < 0.001. B, Amplification curves of each reaction for the same experiment. Control reactions without P. thornei DNA template did not produce any amplification.
PCR assay and by the Whitehead tray extraction and microscopic counting method for the 20 wheat lines (Fig. 4) . There was a significant positive correlation (R 2 = 0.65, P < 0.001) between the estimates of the numbers of P. thornei determined by the real-time PCR assay and by the Whitehead method. The equation (y = 0.858x -248) showed that counts based on the real-time PCR generally can be expected to underestimate the numbers of nematodes derived from microscopic method but this underestimation was not significantly different (P = 0.236, paired t test).
DISCUSSION
The plant-parasitic root-lesion nematode P. thornei was detected and quantified in a variety of soil samples using extracts of soil DNA and SYBR Green I-based real-time PCR, a relatively inexpensive chemistry. The assumption of measuring the nematode number by real-time PCR is that the number of target DNA copies in the sample is proportional to the number of target nematodes (16). Our real-time PCR assay was sensitive, reliably detecting a single juvenile of genomic DNA in 1 g of sterilized and infested soil. The assay had high amplification efficiency and also was highly specific, showing a single amplicon in melting curve analyses and no specific amplification using DNA from a variety of non-target nematodes and fungal species that are found in PNW dryland wheat fields. To our knowledge, this is the first open-source report describing real-time PCR protocols, including primers, soil extraction, and standard curves, to detect and quantify P. thornei from field and greenhouse soils.
The P. thornei-specific primer set (PTHO/D3B) from the D3 expansion domain of the 28S rRNA used by Al-Banna et al. (1) and Yan et al. (41) in conventional PCR was tested but this primer pair was not sufficiently specific, and consistently produced a minor secondary amplicon in melt curve analyses (data not shown), leading to false overestimation of the target DNA. We tested several other primer sets from the D3 expansion domain but they were also not specific. This is likely due to the greater sensitivity of the real-time PCR assay compared with conventional PCR-gel electrophoresis. Carrrasco-Ballesteros et al. (5) identified P. thornei using conventional PCR and SCAR primers. However, the SCAR primers produced a DNA fragment which is much longer in size (1,078 bp) than the maximum of 400 bp required for efficient amplicon melting in our real-time PCR system. Therefore, we designed new real-time PCR primers, THO-ITS-F2 and a The 15 field soil samples are described in Table 4 ; y = real-time PCR estimation and x = traditional nematode extraction and microscopic estimation. b Real-time PCR counts versus each lab.
THO-ITS-R2, from the ITS1 of the ribosomal RNA genes. Our findings illustrated the specificity of the primers in the soil community of dryland wheat fields in eastern Oregon and Washington. Pratylenchus is a diverse genus containing nearly 70 species (7) . Further testing of these primers with other Pratylenchus spp. and local species in soil may be necessary if these primers were used for diagnosis with DNA extracts from soil in other areas.
The real-time PCR assay detected at least 0.5 juvenile in 0.5 g of soil, equating to 1,000 juveniles/kg of soil. Lower numbers of nematodes were not examined and, therefore, 0.5 of a P. thornei body may not represent the lowest detection sensitivity of this assay. However, this sensitivity compares well with findings reported by other researchers. Ciancio et al. (8) were able to detect a single juvenile of the root-knot nematode Meloidogyne incognita. Madani et al. (16) could detect a single second-stage juvenile of cyst-forming nematodes Globodera pallida and Heterodera schachtii. Sato et al. (24) could detect a single second-stage juvenile of P. penetrans in the presence of 800 free-living nematodes. Toyota et al. (36) reported that real-time PCR sensitively detected a single second-stage juvenile of G. rostochiensis from 1,000 free-living nematodes. More importantly, the detection sensitivity obtained in this study was much lower than the presumptive economic threshold level (2,000 nematodes/kg of soil) in the Pacific Northwest (31) , suggesting that the assay will be useful for assessing disease risk and providing management strategies.
The real-time PCR assay was accurate in estimating the numbers of P. thornei in artificially infested soil samples, as shown from the standard curve, where the Ct values were significantly inversely correlated with the log values of nematode numbers. The standard curve was generated from a range of nematode individuals added to soils and not from serial dilutions of one concentrated sample with a high number of nematodes. Higher variations were found in DNA samples obtained from different numbers of nematode individuals than in simply diluted DNA samples in identifying P. penetrans in a nematode community using real-time PCR (24) . The standard curve appears to be representative of the type of variation that may occur among samples with the same number of nematodes and, thereby, tends to be more representative of the variation that may exist in natural field samples (3).
There was a good and significant positive correlation between the numbers detected by real-time PCR and reported by lab 1 using the Whitehead tray extraction method. However, there were poor correlations with numbers reported by labs 2 to 4 using the wet-sieving and sugar-density flotation methods. The differences among laboratories may be due to degree of variation in accuracy of nematode extraction, sampling from nematode suspensions, and nematode counting, and may also reflect the difficulty in Pratylenchus sp. identification using traditional microscopic methods. Laboratories estimated the number of each species of P. thornei and P. neglectus based on the proportion of adult females with visual diagnostic features rather than the total number of juveniles, eggs, and adults that are present in a sample. Poor correlations found between labs 2 to 4 for the same soil samples (R 2 = 0.01 for lab 2 and lab 3; R 2 = 0.38 for lab 2 and lab 4; R 2 = 0.03 for lab 3 and lab 4) also indicated that it was challenging to distinguish P. thornei and P. neglectus, probably due to the minor morphological difference and the variability of individual specimens within a population.
When tested on natural field and greenhouse soil samples, the real-time PCR data correlated well with counts based on the Whitehead tray extraction and microscopic method. Although, in general, the real-time PCR tended to overestimate the numbers of nematodes in the field samples and underestimate the numbers of nematodes in the greenhouse samples, there was no significant difference between it and the Whitehead method. Some researchers have noted under-or overestimation of nematode numbers using real-time PCR. Ophel-Keller et al. (19) reported that a DNA assay tended to overestimate population densities of P. thornei (nematodes per kilogram of soil) compared with a manual method from cereal-growing soils in Queensland, Australia. Toyota et al. (36) also reported overestimation of nematode numbers based on real-time PCR compared with morphological identification in estimating the number of G. rostochiensis juveniles. Berry et al. (3) found that real-time PCR tended to underestimate the numbers of nematodes (M. javanica, P. zeae, and Xiphinema elongatum) in most cases. Goto et al. (11) found that overestimation of the number of soybean cysts (H. glycines) with realtime PCR methods compared with a sieving method.
The discrepancy in nematode numbers determined using realtime PCR and microscope-based counting may be due to the uneven distribution of nematodes in soil (20, 40, 41) . A small amount of soil (≤0.5 g) was recommended for DNA extraction using the PowerSoil DNA Isolation Kit whereas ≈200 g of soil was processed using the Whitehead tray and microscopic method. Thorough mixing of soil samples and use of more DNA extraction replicates for each sample could reduce possible error. Another factor might be the inhibition of PCR amplification. Some researchers have reported that different degrees of inhibition within environmental samples might cause potential under-or overestimation (8, 15) . In the present study, soil extracts of sterilized, noninfested Walla Walla silt loam (used for generation of the standard curve from soil) yielded an amplification efficiency similar to that for water controls, and the DNA extraction method applied to 15 field soil samples and 20 greenhouse soil samples. However, inhibition was found in these soil samples in comparison with the water control as well as the control of sterilized, noninfested soil extracts using pUC 19 plasmid and plasmidspecific primers M13F and M13R. In all, 3 × 10 5 copies of pUC 19 plasmid were added to real-time PCR reactions and detected by the real-time PCR. The Ct (30.9 ± 0.2) of the soil extract control was similar to the Ct (31.4 ± 0.1) of the water control. No plasmid-specific amplicon was observed from the greenhouse and field soil samples, indicating that these soil samples had inhibitory effects on the real-time PCR. Removal of the PCR inhibitors by adding insoluble polyvinylpolypyrrolidone to the soil extracts, adding bovine serum albumin to the real-time PCR reaction mixtures, diluting the soil extracts, or the combination of these methods (18, 41) might help reduce the discrepancy between the numbers based on real-time PCR and the Whitehead and microscopic method. Although the variation existed between the two methods, the significant correlation (R 2 = 0.762) obtained in this study between the two methods was comparable with the correlation (R 2 = 0.7446) between counts of P. thornei from a microscopic method and a proprietary DNA assay reported from Ophel-Keller et al. (19) in Australia.
A particular strength of real-time PCR is that it is useful for quantifying mixed populations of Pratylenchus spp. (e.g., P. thornei in the presence of P. neglectus), where visual identification of juvenile and egg stages into species is extremely difficult. In commercial labs, Pratylenchus spp. are routinely quantified to the genus level, which is not adequate for serving wheatbased agricultural systems in which Pratylenchus sp.-specific tolerant and resistant cultivars are being developed (27) . For P. neglectus, the conventional PCR primer pair described by Yan et al. (41) was tested in a parallel study using real-time PCR. This primer pair showed a high specificity but its detection sensitivity was low and its amplification efficiency was variable among different experiments (data not shown). New species-specific realtime PCR primers are being developed and tested for the accuracy of detection and quantification of P. neglectus from soil.
Our study has shown that the real-time PCR assay using SYBR Green I dye can be used to detect and quantify P. thornei from artificially infested soils, greenhouse soils, and naturally infested field soils. Unlike most other publications using individual nematodes from nematode suspension or in nematode communities (3,16,24,36) , our real-time PCR was performed on total DNA directly extracted from soil, which eliminated the need for timeconsuming manual nematode extraction, microscopic identification, and counting steps. This assay forms the basis of a useful tool for rapid and efficient detection and quantification of P. thornei from a large number of field soil samples and from a large scale of cereal resistance screening trials in greenhouse.
